Abstract-A computationally efficient near-ground field prediction model is proposed to facilitate realistic wireless sensor network (WSN) simulations. In this model, using the principle of Fresnel zones, path loss is split into three segments. Certain propagation mechanisms dominate in each part. The distances that define the edges of each section are derived theoretically. The model is validated against several experimental datasets obtained in open and forested areas. It is noticed that the proposed model has higher accuracy compared to existing analytical near-ground propagation models. This enhancement is achieved by careful assessment of key features relevant to near-grazing propagation such as diffraction loss due to obstruction of the first Fresnel zone and higher order waves produced by terrain irregularities. Monte Carlo simulations are used to investigate the effects of antenna height, frequency of operation, polarization, and terrain dielectric and roughness properties on WSNs performance. It is realized that antenna height is by far the most influential geometric parameter to low-altitude WSNs connectivity and average number of neighbors.
or vegetation covering is analytically studied in [12] . In [7] , the impact of foliage on near-ground radiowave propagation is studied for battlefield sensor networks operating at 300 and 1900 MHz. Near-earth wave propagation in a tropical plantation is empirically analyzed in [8] at VHF and UHF. Measurement results for ground-based UHF band communicators in urban terrain are reported in [9] for both line-of-sight (LOS) and non-LOS (NLOS) links. The authors in [4] present an empirical study of the propagation losses in suburban outdoor-outdoor and outdoor-indoor links for fixed wireless service using lowaltitude BS heights of 0.3 and 2.1 m at 3.5 GHz. Propagation in indoor settings for low-height sensor nodes is investigated in [10] and [11] . Numerical solvers are prescribed in [2] and [13] to characterize near-ground long range propagation, but their computational complexity limits the number of nodes in the simulated network. In [14] , a simple mathematical path loss model for near-ground links is introduced. Nonetheless, a flat, perfectly conducting ground is assumed in the derivation of the model, which overlooks the significant impact of terrain roughness and electrical properties on the channel transfer characteristics.
In this study, a new computationally tractable path loss model is proposed for WSNs operating above a dielectric rough terrain. Principle of Fresnel zones is exploited to split the proposed path loss model into three segments. The distances that define the edges of each segment are derived theoretically. In the first region, the LOS ray dominates the signal transmission; while in the second region, both the direct and ground-reflected signals impact the received energy. In the third region, diffraction loss caused by insufficient path clearance is added to the reference loss. The effective reflection coefficients used in the proposed model include the effect of higher order surface waves. It is indicated in [11] that as long as the TRx altitude is low in terms of the wavelength, these surface waves are dominant regardless of frequency of operation. Path loss predictions offered by the proposed model are consistent with the measurement results in rural and forested areas reported by independent researchers. Moreover, it is verified that by adding an empirically modeled foliage loss to the proposed model, it is possible to accurately evaluate the near-ground propagation in a foliage environment. Finally, the proposed model is used to examine the influence of communication and link parameters on coverage range and network connectivity. This paper is organized as follows. The break point distances are derived in Section II. In Section III, the near-ground path loss model is developed. The proposed model is verified in Section IV and then utilized in WSN connectivity analysis. Section V concludes the paper. 
II. DERIVATION OF THE BREAK POINTS
The locus of all points having a constant value of excess path length Δd, as compared to the direct path, forms an ellipsoid of revolution with the two terminals at the foci and the LOS path as the axis of revolution. A family of such ellipsoids in which Δd varies in integer multiples of half-wavelengths, nλ/2 with n an integer, and λ the wavelength, is called the Fresnel zones [15] . As shown in Fig. 1 , the intersection of these Fresnel ellipsoids with an imaginary plane perpendicular to the LOS path constructs a family of concentric circles with radii
where d 1 and d 2 are the distances of the plane from the transmitter and the receiver, respectively [16] .
Radii of the circles depend on the location of the plane and reach their maximum of r n,max = √ nλd/2 when the plane is midway between the terminals, where
Most of the signal energy is concentrated in the first Fresnel zone; hence, to prevent the blockage of energy, we typically site the antennas such that the first Fresnel zone is clear of obstacles. As sketched in Fig. 2 , when one terminal moves away from the other, the radius of the first Fresnel zone increases until it touches the earth surface at the break distance d B . d B divides the LOS propagation path into two distinct near and far regions. In the near region, mean signal attenuation is equivalent to free-space wavefront spreading loss, whereas beyond d B , obstruction of the first Fresnel zone also contributes to attenuation loss, which results in a steeper falloff rate of the signal strength.
Specularly reflected ray travels the shortest path among all the rays scattered by the ground for any given terminal height and separation. Therefore, when the range increases, any ellipsoid with the transmitter and receiver as the foci first touches the ground on the specular point. Referring to Fig. 2(b) , at the break distance, the first Fresnel zone is tangent to the ground and the excess path length equals 
in which l d and l r are the direct and reflected path lengths, respectively, and h t and h r are the transmitter and receiver heights, respectively. If we multiply both sides of (2a) by (l d + l r ) and substitute (2b) and (2c) into the resulting equation, after simple algebraic manipulations we will find
Adding (2a) and (3), we can find the break distance as
Alternatively, subtracting 2(a) from (3), we can write
We can rewrite (5) as
The approximate value in (6) is valid if h t , h r λ and is famously known as the break distance in the microcellular propagation scenario. However, in near-ground sensor network channel modeling, this approximation is no longer accurate as the condition does not hold. Hence, in this work, the exact formula in (5) will be used for the break distance.
Using the notations in Figs. 1 and 2 , we can write
in which d 1 and d 2 are the horizontal distances between the transmitter-obstacle and obstacle-receiver, respectively. h is the obstruction height that is always a negative value in LOS topographies and can be expressed as
where
is the horizontal distance between the transmitter and receiver. The location of the specular reflection point can be used to find d 2 and d in a more convenient form
Now, we can write
We can express the phase difference between the LOS and the reflected paths as
ν is the dimensionless Fresnel-Kirchhoff diffraction parameter that corresponds to [17] 
h/r n is called the Fresnel zone clearance. According to the Fresnel knife-edge diffraction model, when ν is approximately −0.8 or less, there is sufficient LOS path clearance and the diffraction loss is minimal. Substituting ν = −0.8 in (12) , it is found that h = −0.566, which implies that as long as almost 57% of the first Fresnel zone is kept clear of obstacles, diffraction loss can be neglected. To find the critical distance d C , we first substitute ν = −0.8 in (11) and find Δd = 0.16λ is the path lengths difference at the critical distance. Therefore, using the same approach as was employed to derive the break distance
Adding (13a) and (13b), we can find the critical distance as
Alternatively, subtracting (13a) from (13b), we can write
We can reorganize (15) as
However, the approximate value in (16) is valid as long as h t , h r λ that does not apply to near-ground WSN scenario. Therefore, in this study, the exact formula in (15) will be used for the critical distance.
As witnessed in [18] , dual-slope piece-wise linear path loss model based on Fresnel zone clearance can predict the LOS microcellular propagation loss as accurately as a minimum mean-square error (MMSE) regression fit on the measured data in open, urban, and suburban areas. This work will inspect the accuracy and adequacy of such models for near-ground sensor networks.
III. NEAR-GROUND PATH LOSS MODEL

A. Short-Range Communication
As shown in Fig. 2 (a), when d < d B , the first Fresnel zone is clear of obstacles. In this region, reflected field from the ground interferes with the direct signal, causing the signal level to oscillate widely. However, the attenuation of the median received signal with distance is almost the same as that of free space. Hence, attenuation is entirely due to the spreading of wavefront, which corresponds to the free-space path loss
in which k = ω √ με 0 = 2π/λ is the free-space wavenumber, ω is the angular frequency, ε 0 is the free-space permittivity, μ is the permeability, and λ is the wavelength in free space.
B. Medium-Range Communication
As shown in Fig. 2(b) , when d > d B , part of the energy in the first Fresnel zone is intercepted by the ground. Therefore, attenuation results from both spherical wavefront spreading and obstruction of the first Fresnel zone, which leads to a more pronounced decay rate. Plane-earth propagation model offers a good prediction of signal attenuation in this region; however, assuming a flat, perfectly conducting ground leads to an overestimation of the destructive interference between the direct and the geometrical-optics (GO) reflection fields, which gives an imprecisely high-power falloff rate. As discussed in [19] and [20] , disregarding the electrical properties of the terrain can lead to grave errors as large as 10 dB, which is unacceptable in designing energy-constrained WSNs. Moreover, according to [21] , including the physical statistics of the terrain roughness in the model may attenuate the ground wave by up to 6 dB for realistic ground surfaces.
To investigate the impact of roughness statistics on the signal transmission, the Fresnel reflection coefficient of a flat surface is modified using a correction factor to create an effective reflection coefficient. Traditional correction factors such as those proposed by Ament [22] and Boithias [23] are simple to implement and are sufficiently accurate for remote sensing and microcellular applications. However, for sensor network design, they have fundamental shortcomings, which stem from the near-grazing propagation condition. At low grazing angles, in conformity with the Rayleigh criterion, the incident waves are almost parallel to the surface of the plane and the direct and ground reflected components cancel each other, even for large roughness heights. Therefore, the surface waves that are smaller in magnitude and are highly localized to the ground boundary become the dominant propagation mechanism. However, surface waves are not considered in the conventional correction factors. These correction factors also overlook the impacts of polarization of the incident wave and roughness correlation length.
The effective reflection coefficients used in our model address the impacts of surface waves, incident polarization, and surface correlation length. They are founded on the perturbation theory applied to a volumetric integral equation originally prescribed in [21] and [24] . They are valid for low-grazing propagation as far as surface roughness height is less than a wavelength. The two-ray model over rough dielectric terrain is given by (18) in which L fs is the free-space attenuation and L ex is the excess loss factor due to obstruction of the Fresnel zone, which corresponds to
where l d , l r , and Δϕ can be calculated using (2b), (2c), and (11), respectively. R ef f α is the effective reflection coefficient where α = v, h denotes the vertical or horizontal incident polarization, respectively. Then
k is the wavenumber in the air and k 1 is the wavenumber in the dielectric. k iu (k u ) stands for the wavenumber components in the incident (scattered) direction where u = x, z. We have k x = k sin θ and k z = k cos θ in which θ is the elevation angle. The rough surface is characterized by a random height function z = f (x), in which f (x) is a random function with zero mean, i.e., f (x) = 0. Statistics of the roughness are included in the model using surface root-mean-square (rms) height σ and roughness correlation length L, which is incorporated in the Gaussian spectral density function
. Electrical properties of the terrain are taken into account using the effective permittivity ε 1 of the underlying dielectric layer. Integrals in (21) are fast converging and are evaluated numerically. Most of their contribution comes from a narrow angular range centered on the specular direction (k x = k ix ), which expands by increasing the roughness height. R v and R h are the Fresnel reflection coefficients of a flat surface for vertical and horizontal polarizations, respectively
At this point, it is worth noting that a one-dimensional (1-D) surface model is adopted to derive the effective reflection coefficients. A 1-D rough surface refers to a surface with protuberances along one horizontal coordinate and constant profile along the other, whereas a two-dimensional (2-D) rough surface has variations along both horizontal coordinates [25] . As verified throughout our simulations, assuming a 1-D rough surface in the construction of a path loss model leads to tremendous computational savings while being perfectly adequate for the following reasons: 1) Surfaces under study are assumed to be geometrically isotropic. Examples of anisotropic surfaces are some wind-driven and cultivated lands; 2) In a path loss model, we are only interested in scattering effects in the plane of incidence. Scattering outside the plane of incidence cannot be accurately predicted using a 1-D model unless the roughness under consideration is truly 1-D. On the other hand, off the plane scattering becomes critical when dealing with threedimensional (3-D) spatial channel characterization [26] ; and 3) It is well known that cross-polarized fields are only created by 2-D surfaces. However, the amplitude of the cross-polarized fields generated by realistic rough surfaces is generally several orders of magnitude smaller than that of the co-polarized fields. Hence, cross-polarized components do not serve an important role in energy transmission and can be ignored in the path loss model.
C. Long-Range Communication
In cellular communications, cell radii are selected much smaller than d B to reduce the transmit power and increase the capacity. However, in WSNs, antenna heights are very low and a significant part of the first Fresnel zone is always occupied by the ground; therefore, in most applications, the link range by far exceeds d C . For example, at the frequency of 915 MHZ, if we consider the antenna heights are 7 cm, according to (5) and (15) , d B is only 2.2 cm and d C is roughly 16 cm. Hence, the diffraction loss, which can attenuate the LOS signal by up to 6 dB, is integral to WSN channel characterization.
Here, the total diffraction attenuation is heuristically taken as the sum of the loss due to an ideal knife-edge diffraction and an additional reference loss that takes account of the diffractor (rough terrain) parameters such as permittivity and roughness statistics, which are discussed in the previous section. The path loss associated with knife-edge diffraction is calculated by assuming an asymptotically thin diffracting object half-way between the transmitter and receiver, which corresponds to [16] L ke = 0.5 + 0.877
Finally, the proposed near-ground WSN path loss model in decibel is summarized as 
D. Foliage Loss
WSNs deployed in wild environments often undergo an excess attenuation due to signal transmission through a depth of foliage. We shall add an empirically modeled foliage loss to our model in order to assess its prediction accuracy in forested environments. Foliage induced excess loss is generally represented in mathematical form L fo (dB) = uf v d fo w , where f is the frequency of operation, typically in MHz or GHz, and d fo is the propagation distance through foliage in meters. u, v, and w are numerical values evaluated using least squared error fitting on the measured data. Table I summarizes some of the well-known foliage loss models in the literature [8] , [27] [28] [29] [30] .
IV. MODEL VALIDATION AND WSN CONNECTIVITY ANALYSIS
In this section, prediction ability of the proposed model is verified by comparing it to the near-ground measurements in open and forested areas reported by independent researchers. Next, the influence of terrain electrical and geometrical properties on the range and connectivity of low-altitude WSNs is investigated.
A. Model Validation and Discussion
Here, the prediction results of our model are validated against available near-earth measurement campaigns. Many empirical models in the literature are provided without stating the Table I ).
dielectric and roughness properties of the terrain over which the measurements are performed. In these cases, we consider ε = ε r − j60κλ where for average ground the dielectric constant is ε r = 15, conductivity is κ = 0.005 mhos/m, σ = 1.13 cm is the roughness rms height, and surface correlation length is L = 7.39 cm [16] , [31] . Moreover, transceiver antenna gains are removed from the received power to find the path loss, whenever necessary. Fig. 3(a) compares the proposed model predictions with the LOS stationary measurements at distance of 75 m using monopole antennas working at 300 MHz [7] . Model predictions match the measurements closely. It is noted that path loss is largely dependent on the terminal heights. Therefore, any model that does not explicitly include the impact of antennas altitude is ineffective in WSN design. Fig. 3(a) also inspects the path loss prediction accuracy of the proposed model in comparison with the near-ground analytic models reported in the literature. Table II compares the root-mean-square error (RMSE) of these models and the measurement data reported in [7] . Since our model takes account of the impact of terrain irregularities and dielectric properties on the GO reflection and higher order fields, it achieves remarkably higher accuracy in predicting the path loss compared to previous analytic models, which neglect one or several of the aforementioned propagation features.
In Fig. 3(b) , measurements at 868 MHz are carried out in three different quasi-flat open environments, namely, a ground plain, a yard, and a grass park. λ/4 monopole antennas are employed at height of 13 cm [5] . There is a vast disparity between the measurements, especially at long range, that is attributed to uneven terrain and presence of large scatterers in proximity of the measurement setup. Nevertheless, it is observed that our proposed model together with the model in [12] lie between and follow the slope of the measured curves along their entire range while the model in [14] deviates at longer distances. Moreover, wide discrepancy between the measurement curves renders the RMSE comparison misleading.
It is very common for wireless sensors to communicate through a depth of foliage. Several empirical models are proposed to account for the excess loss caused by the foliage. These models are generally based on experimental data acquired over a shallow depth of a specific type of vegetation. This suggests that they do not address the impact of density and texture of foliage as well as the propagation of lateral waves on the canopy-air interface. However, the latter phenomenon is only dominant at very large foliage depth, which does not apply to WSN usage.
In Fig. 4 , some well-known empirical foliage loss models are added to near-ground path loss model to evaluate their performance in low-altitude deployments. In Fig. 4(a) , measurements are recorded using discone antennas in a deciduous forest at the frequency of 300 MHz. Antenna height is 0.75 m [7] . Another measurement campaign is conducted in a tropical palm plantation using omnidirectional antennas at height of 2.15 m [8] . Measurements are taken at the frequencies of 240 and 700 MHz, and are depicted in Fig. 4(b) and (c), respectively. It is observed that at a short range, predicted values of all the models are in good agreement with measured data. Nevertheless, Weissburger and ITU-R models predictions diverge sharply from the measured data as the range through the foliage increases. Predicted path loss using the FITU-R and LITU-R models match the measured data closely (see Table III ), especially at lower antenna height of 0.75 m, which demonstrates their applicability to WSN design in forested areas. 
B. Connectivity in Near-Ground WSNs
In this section, the near-ground path loss model is used in WSN design by evaluating the maximum transmission range of nodes and studying network connectivity via Monte Carlo simulations. Sensor motes in our simulations have a maximum transmission power of 10 dBm and receiver sensitivity of −101 dBm for a maximum dynamic range of 111 dB, which are typical values for popular Mica2 motes [32] . Center frequency is 915 MHz, unless otherwise specified.
Maximum link range is found by equating the path loss and the dynamic range of motes. When path loss exceeds the dynamic range, the communication between nodes is lost. Evaluation of the coverage range is critical in sensor deployment to find the optimum node density for which the quality of service (QoS), scalability, and reliability requirements are met, while the cost is minimized.
In Fig. 5(a) , coverage range is evaluated using different models introduced in Section III, namely, the free-space model, the two-ray model, and the near-ground model. Free-space model gives the unrealistically long coverage range of 4640 m independent of the terminals height and is not shown on the plot. The antenna height h a is observed to have a prominent role in confining the coverage area; the maximum link range increases drastically when the antenna is elevated from the ground level.
Comparing the results from the two-ray and near-ground models, it is realized that incorporating the diffraction loss can significantly impact the predicted value for the link range, especially at lower altitudes. Closer to the ground level, antenna polarization also becomes important. It is noted that vertically polarized antennas can communicate over longer distances.
According to the plane-earth model, loss has no frequency dependence when d h t , h r [3] . However, it is illustrated in Fig. 5(b) that lowering the antenna height undermines the frequency independence. To explain this observation, we note that in (20) , with all the geometrical parameters fixed, amplitude of higher order waves rise as the wavelength increases; hence, one way to increase the communication range is to lower the operating frequency. Fig. 5 (c) depicts the influence of soil volumetric water content (VWC) on the communication range. Water content has a major impact on the electrical properties of soil [33] . Silt loam with 17.16% sand, 63.84% silt, and 19% clay represents the terrain dielectric in this simulation. The antenna height is 10 cm. Using the well-known semi-empirical dielectric mixing model in [34] and [35] , we find that as the moisture content changes from 0 to 0.5 cm 3 /cm 3 , the dielectric constant of soil changes from ε = 2.39 to ε = 33.83 − 3.24i. This steep increase in the dielectric constant, however, only slightly alters the Fresnel reflection coefficient at grazing incidence. The amplitude of reflection coefficient will decrease (increase) slowly for vertical (horizontal) polarization as VWC increases; however, it will remain very close to -1 that warrants the near cancellation of the direct and specularly reflected waves. It is perceived that even slight variation in the reflection coefficient causes a noticeable change in the coverage radius. Moreover, the planeearth model tends to overestimate the coverage range compared to the near-ground model that takes diffraction loss into consideration.
In high-node-count applications, such as environmental or security monitoring, a large number of low-cost autonomous sensors are spatially distributed to cooperatively monitor certain physical or environmental conditions. Here, mesh connectivity and the number of neighbors in range per node have a crucial influence on network performance, reliability, and power conservation. In order to assess the average number of single-hop neighbors in range (average degree of a node) in the network, Monte Carlo simulations are used. In each iteration, 100 nodes are randomly distributed in the 2-D plane of 1000 ft × 1000 ft(304.8 m × 304.8 m) and the average number of neighbors is calculated as the ratio of total number of links within range to the number of nodes in the network.
In Fig. 6(a) , different loss models are used to predict the average number of neighbors. Free-space model predicts full mesh connectivity, i.e., each node has 99 single-hop neighbors independent of the terminals height. Vertical polarization yields far better connectivity at lower altitudes in comparison to horizontal polarization. It is also found that connectivity has high sensitivity to terminal height and almost spans the full range as the height increases from the ground level to 0.8 m. Particularly, closer to the ground level, the height effect exacerbates. Fig. 6(b) shows the impact of frequency on average number of neighbors. At lower frequencies, network connectivity is improved. In Fig. 6(c) , we study the effect of soil VWC on network connectivity. It is noticed that a fluctuating terrain degrades network connectivity as compared with a flat one. An interesting observation is that when soil moisture content increases, e.g., as a result of precipitation, connectivity enhances if the antennas are vertically polarized but deteriorates if the antennas are horizontally polarized. However, horizontally polarized antennas are minimally affected by change in roughness and dielectric properties of the ground.
V. CONCLUSION
An improved computationally feasible near-ground field prediction model is presented to facilitate highly accurate WSN simulations. The model is validated against published measured data in open and forested areas. It is observed that the proposed model has higher accuracy compared to existing near-ground analytical models. The increased precision is due to careful assessment of the impact of first Fresnel zone obstruction, terrain irregularities, and dielectric properties of the ground on the LOS, specular reflection, and higher order waves. Various empirical foliage loss models are added to near-ground path loss model and compared to measured data in near-ground foliage environments to determine, which one is more suitable for low-altitude applications.
The proposed model is also used to evaluate the effects of wireless link and terrain parameters on the transmission range and connectivity in WSNs. Some practical implications of this study include the following.
1) The critical distance is very small in WSN applications; therefore, the diffraction loss is integral to WSN channel characterization. 2) At grazing angles, Fresnel reflection coefficient displays a very low sensitivity to terrain dielectric constant. 3) Provided the geometrical parameters are fixed, higher order waves intensify as wavelength increases. 4) Antenna height is by far the most influential geometric parameter to link range and network connectivity. 5) Coverage radius and connectivity are fairly sensitive to the reflection coefficient when antennas are placed near the ground. 6) Terrain roughness degrades the accessible range and connectivity. 7) Lowering the frequency of operation, enhances the reachable communication distance and network connectivity. 8) Close to the ground level, vertically polarized antennas outperform their horizontally polarized counterparts in terms of coverage range and connectivity.
9) Precipitation boosts (reduces) the maximum link range and network connectivity when motes are equipped with vertically (horizontally) polarized antennas.
